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XQWLOWKHJULGIUHTXHQF\JRHVEDFNDERYHWKH
VSHFLILHGKLJKWULJJHUIUHTXHQF\)KLJKWKHUHVSRQVHFRQWLQXDWLRQ
PXVWQRWEHLQWHUUXSWHGXQWLOLWUHDFKHVWKHWULJJHUUHVHWRU(팀mLQ
7KH ORJLF LV UHYHUVHG IRU 6))5KLJK $FFRUGLQJ WR WKH SURSRVHG
%(66PDQDJHPHQWIRU6))5KLJKZKHQWKHIUHTXHQF\JRHVDERYH
WKH KLJK WULJJHU IUHTXHQF\ )KLJK WKH %(66 VWDUWV WR LPSRUW D
PD[LPXP SRZHU UHVSRQVH 63RZHU XQWLO WKH JULG IUHTXHQF\
JRHV EDFN EHORZ WKH VSHFLILHG ORZ WULJJHU IUHTXHQF\ )KLJK WKH
UHVSRQVH FRQWLQXDWLRQ PXVW QRW EH LQWHUUXSWHG XQWLO LW UHDFKHV WKH
WULJJHUUHVHWRU(팀mLQ
௑6LPXODWLRQUHVXOWV
$OO WKH ))5 FRQWURO DOJRULWKPV DUH VLPXODWHG LQ 0$7/$%
6LPXOLQNXVLQJUHDOIUHTXHQF\GDWDVHWREWDLQHGIURPWKH1*>@
7KH VLPXODWLRQ UHVXOWV SUHVHQWHG KHUH DUH DOO EDVHG RQ D 0:K
%(66 PRGHO ZKLFK KDV EHHQ H[SHULPHQWDOO\ YDOLGDWHG RQ WKH
:(66 SODQW LQ WKH 8. >@ ZLWK D PD[LPXP ))5 SRZHU RI(?(?(?
0:7KHSDUDPHWHUVXVHG LQ WKHFRQWURODOJRULWKPVDUH VKRZQ LQ
)LJ ௒ %ORN GLDJUDP RI WKH SURSRVHG G\QDPLF ILUP IUHTXHQF\ UHVSRQVH
LPSOHPHQWHGLQWKH%(66PRGHO

7DEOH(? 1*(7UHTXLUHG'))5SRZHU	IUHTXHQF\VHWSRLQWV
DQGFDOFXODWLRQLQWKHFRQWURODOJRULWKP>@
)UHT+] &RQWUDFWHG
SRZHUN:
'))53RZHUVHWSRLQW&3RZHU
N:
$(? (? D(? (? &3RZHU(? (?D
%(? (? E(? (? CPower = B − f
B − A
x(a − b) + b
&(? (? F(? (? CPower = C − f
C − B
x(b − c) + c
'(? (? G(? (? CPower = D − f
D − C
x(c − d) + d
((? (? H(? (? CPower = E − f
E − D
x(d − e) + e
)(? (? I(? (? CPower = F − f
F − E
x(e − f ) + f
*(? (? J(? (? &3RZHU(? (?J(? (?
+(? (? K(? (? &3RZHU(? (?K(? (?
-(? (? M(? (? &3RZHU(? (?M(? (?
.(? (? N(? (?í CPower = K − f
K − J
x( j − k) + k
/(? (? O(? (?í CPower = L − f
L − K
x(k − l) + l
0(? (? P(? (?í CPower = M − f
M − L
x(l − m) + m
1(? (? Q(? (?í CPower = N − f
N −M
x(m − n) + n
3(? (? S(? (?í CPower = P − f
P − N
x(n − p) + p
5(? (? U(? (?í CPower = R − f
R − P
x(p − r) + r

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7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

7DEOH  ,Q RUGHU WR VKRZ WKH SHUIRUPDQFH RI WKH UHSRUWHG ))5
DOJRULWKPV LQ 6HFWLRQ  WKH UHDOIUHTXHQF\ GDWD IRU WKH 
1RYHPEHU  ILUVW (팀h GDWD >@ LV XVHG KHUHLQ DV WKLV
SDUWLFXODU GD\ LV NQRZQ WR KDYH ERWK D ORZ DQG KLJKIUHTXHQF\
HYHQW )LJ  VKRZV WKH VLPXODWLRQ UHVXOWV RI WKH '))5 FRQWURO
DOJRULWKP2QWKHIUHTXHQF\SORWWKH'%(팀H]LVVKRZQE\
WKH JUHHQ OLQHV ,W LV FOHDU IURP )LJ D WKH %(66 FRQWLQXRXVO\
LPSRUWVH[SRUWV SRZHU ZLWKLQ WKH VSHFLILHG SRZHU HQYHORSH
GHVFULEHGLQ7DEOH)LJELOOXVWUDWHVWKHSRZHUUHVSRQVHYHUVXV
JULG IUHTXHQF\ SORW RI '))5 FRQWURO DOJRULWKP IRU  1RYHPEHU
ILUVW(팀h7KHUHGOLQHUHSUHVHQWVWKH1*(7UHTXLUHG'))5
SRZHU OLQH GHVFULEHG LQ 7DEOH  ,W LV FOHDU WKDW WKH '))5 SRZHU
EOXH FLUFOHV GRHV UHPDLQ ZLWKLQ WKH UHTXLUHG HQYHORSH PHDQLQJ
WKDW WKH %(66 DFKLHYHG  DYDLODELOLW\ DQG PHW WKH VHUYLFH
UHTXLUHPHQWV
)LJVDQGVKRZWKHVLPXODWLRQUHVXOWVIRU1RYHPEHU
RIWKH6))5ORZDQGKLJKIUHTXHQF\UHVSRQVHFRQWURODOJRULWKPV
UHVSHFWLYHO\2QWKHIUHTXHQF\SORWWKHKLJKDQGORZWULJJHUUHVHW
IUHTXHQF\VHWSRLQWVDUHVKRZQE\WKHGRWWHGJUHHQOLQHV2YHUWKH
KSURILOH WKHDOJRULWKPVGHOLYHU WR WKH6))5ORZDQG6))5KLJK
VSHFLILFDWLRQ>@ZLWKQRSRZHUEHLQJGHOLYHUHGXQWLODIUHTXHQF\
HYHQW RFFXUV DW í(팀H] ,W FDQ EH VHHQ WKDW ZKHQ WKH JULG
IUHTXHQF\ UHWXUQV DERYH WKH WULJJHU IUHTXHQF\ WKH H[SRUW SRZHU
FRQWLQXHVXQWLOLWUHDFKHVWKHWULJJHUUHVHWRU(팀mLQ7KHDLPRIWKH
UHVHWV LQ WKH 6))5 FRQWURO DOJRULWKPV LV WR GLVFRQWLQXH WKH
IUHTXHQF\ UHVSRQVH LI WKH JULG IUHTXHQF\ FKDQJHV VKDUSO\ IRU WKH
SHULRGRIWKHVHUYLFH
௑(QHUJ\DUELWUDJH
7KLV VHFWLRQ SURYLGHV DQ DUELWUDJH FRQWURO VWUDWHJ\ WR DFKLHYH
PD[LPXP DUELWUDJH UHYHQXHV WKDW FDQ EH JHQHUDWHG IURP WKH JULG
EDODQFLQJ VHUYLFHV E\ VFKHGXOLQJ ))5 DQG ()5 VHUYLFHV
WKURXJKRXW WKH GD\ 7KLV VWXG\ H[DPLQHV WKH SRWHQWLDO DUELWUDJH
UHYHQXHV ZKLOH GHOLYHULQJ '))5 6))5ORZ 6))5KLJK DQG ()5
VHUYLFHIRUDOOVHWWOHPHQWSHULRGVLQDGD\)RUWKH()5VHUYLFHWKLV
LVDFKLHYHGE\PDQLSXODWLQJWKHEDWWHU\62&WDUJHWLQWKHSURSRVHG
IUHTXHQF\ UHVSRQVHFRQWURODOJRULWKPVGHFUHDVLQJ WKH62&WDUJHW
EDQGZKHQHOHFWULFLW\SULFHVDUHKLJKDQGLQFUHDVLQJWKH62&EDQG
ZKHQ WKH SULFHV DUH ORZ HIIHFWLYHO\ VKDSLQJ WKH %(66 HQHUJ\
GHOLYHU\SURILOH WRH[SRUWDWKLJKSULFHVDQG LPSRUWDW ORZSULFHV
8VLQJ 8. KLVWRULFDO HOHFWULFLW\ SULFLQJ GDWD WKH SURSRVHG 62&
PDQDJHPHQWVWUDWHJ\VHOHFWVWKHDSSURSULDWHEDWWHU\62&SURILOHWR
PD[LPLVHWKHDUELWUDJHUHYHQXHZKLOHGHOLYHULQJWKH()5VHUYLFH
0RUH H[SODQDWLRQ DERXW WKH QHZ ()5 VHUYLFH GHVLJQ FRQWURO
DOJRULWKPDQGLWV1*(7UHTXLUHPHQWVFDQEHIRXQGLQ>@)RUWKH
'))5 DQG 6))5 VHUYLFHV FRQVLGHULQJ WKH HOHFWULFLW\ SULFH
GLVFUHSDQF\ GXULQJ WKH GD\ WKH SURSRVHG DUELWUDJH FRQWURO
DOJRULWKP VHOHFWV WKH DSSURSULDWH IUHTXHQF\ EDODQFLQJ VHUYLFHV
FRQVLGHULQJ WKHJULGIUHTXHQF\FRQGLWLRQVRI WKHGD\DQG WKH WLPH
WR PD[LPLVH DUELWUDJH UHYHQXH ZKLOH GHOLYHULQJ GLIIHUHQW W\SH RI
IUHTXHQF\ UHVSRQVH VHUYLFHVGXULQJ D GD\ ,W VKRXOGEHQRWHG WKDW
KHUH WKH REWDLQHG DUELWUDJH UHYHQXH WKURXJK SURYLGLQJ GLIIHUHQW
8. EDODQFLQJ VHUYLFHV ZLOO DOVR EH FRPSDUHG ZLWK WKDW RI D
SUHYLRXVVWXG\ >@ZKLFK LQYHVWLJDWHVDEDWWHU\62&PDQDJHPHQW
IRUGHOLYHULQJRQO\()5VHUYLFH
6WRUHG HQHUJ\ LQ WKH %(66 FDQ EH FDOFXODWHG DV LQ ZKHUH
Ș' LV EDWWHU\GLVFKDUJH HIILFLHQF\Ș& LV EDWWHU\ FKDUJH HIILFLHQF\
(W LVHQHUJ\VWRUHG LQ WKH%(66DWKRXU W LI3W(?!(?%(66GHOLYHUV
SRZHUDWKRXUWLI3W(?(?%(66DEVRUEVSRZHUDWKRXUW7KHFRVWRI
WKH%(66FKDUJHGLVFKDUJHDQG WKH WRWDO DUELWUDJH UHYHQXHFDQEH
FDOFXODWHGXVLQJ  >@ZKHUH&'& LV FRVW RI%(66GLVFKDUJLQJ
&& LVFRVWRI%(66FKDUJLQJ$W LVV\VWHPUHDOHOHFWULFLW\SULFH LQ
0:KDWKRXUW
Discharging:Pt > 0Et = ∫
0
t Pt
ηD
× dt
Charging:Pt < 0Et = ∫
0
t
Pt, ηC, dt

CC = ∑
t = 1
24
Et × At if Pt < 0 
CDC = ∑
t = 1
24
Et × At if Pt > 0 
Max(CAt) = CDC − CC 
7KHFKDUJHGLVFKDUJHHQHUJ\RXWSXWRI%(66FDQEHFDOFXODWHGIRU
FKDUJLQJ FRVW DQG GLVFKDUJLQJ FRVW DV JLYHQ LQ  DQG 
UHVSHFWLYHO\ 7KH WRWDO DUELWUDJH UHYHQXH &$W FDQ WKHQ EH
FDOFXODWHGE\XVLQJDQGDVJLYHQLQ
)LJ௒)ORZFKDUWRIWKHSURSRVHGEDWWHU\HQHUJ\PDQDJHPHQWVWUDWHJ\IRU
'))5VHUYLFH

)LJ௒)ORZFKDUWRIWKHSURSRVHGEDWWHU\HQHUJ\PDQDJHPHQWVWUDWHJ\IRU
6))5ORZIUHTXHQF\UHVSRQVHVHUYLFH

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7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
6LPXODWLRQUHVXOWVRIWKHDUELWUDJHFRQWURODOJRULWKP
7KHDLPRIWKHSURSRVHGDUELWUDJHFRQWURODOJRULWKPLVWRJHQHUDWH
SRWHQWLDODUELWUDJHUHYHQXHVZKLOHOD\HULQJGLIIHUHQW8.IUHTXHQF\
UHVSRQVH VHUYLFHV LQFOXGLQJ '))5 6))5ORZ 6))5KLJK DQG
()5 IRU DOO VHWWOHPHQW SHULRGV LQ D GD\ E\ LPSRUWLQJ DW ORZ
HOHFWULFLW\ SULFHV DQG H[SRUWLQJ DW KLJK SULFHV 7KH DUELWUDJH
DOJRULWKP LV GHYHORSHG LQ 0$7/$%6LPXOLQN DQG LWV VLPXODWLRQ
UHVXOWVDUHDOOEDVHGRQWKHH[SHULPHQWDOO\YDOLGDWHG0:0:K
%(66 PRGHO 7KH IUHTXHQF\ GDWD RI WK $SULO  >@
FRQWDLQLQJ KLJKIUHTXHQF\ HYHQWV DUH VLPXODWHG KHUH WR FRPSDUH
WKHDUELWUDJHUHYHQXHREWDLQHGIURPWKLVVWXG\ZLWKWKRVHIURPWKH
FRPSDUDWLYHVWXG\IRXQGLQ>@WKDWFRQVLGHUVRQO\()5VHUYLFHIRU
HQHUJ\DUELWUDJH%DVHGRQUHFRUGHG8.V\VWHPVHOOEX\HOHFWULFLW\
SULFH >@ WKH DUELWUDJH DOJRULWKP KDV EHHQ DQDO\VHG IRU QLQH
VFHQDULRV LQ RUGHU WR DFKLHYH D PD[LPXP DUELWUDJH UHYHQXH 7KH
ILQGLQJV RI WKH SURSRVHG DUELWUDJH FRQWURO DOJRULWKP IRU  $SULO
 DUH VKRZQ LQ 7DEOH  7KH DUELWUDJH UHYHQXH IRU WKH GD\
SHULRGZDV VXPPHGRYHU WKH\HDU WR DWWDLQ DQQXDOYDOXHVRQD
N:KU\UEDVLV$FFRUGLQJ WR WKH VFHQDULR 6 VKRZQ LQ)LJ
WKH ILUVW VHUYLFH VHOHFWHG LV '))5 ZLWK WKH '% RI(?(?(팀H] WR
GHOLYHU G\QDPLF SRZHU XQWLO DP ZLWK UHODWLYHO\ ORZ HOHFWULFLW\
SULFHDQG WKHQ6))5KLJKVHUYLFH LVVHOHFWHGXQWLODPLQRUGHU WR
DEVRUE D PD[LPXP FRQVWDQW SRZHU í(팀M: IURP WKH JULG DW D
KLJK WULJJHU IUHTXHQF\ RI (팀H] 7KH WKLUG VHUYLFH VHOHFWHG LV
()5ZLWKD62&EDQGRI±WRFKDUJHWKHEDWWHU\XQWLOSP
GXULQJORZFRVWVDQGWKHQLWV62&EDQGLVGHFUHDVHGWR±LQ
RUGHUWRVXSSO\SRZHUWRWKHJULGDWSHDNWLPHZKHUHWKHHOHFWULFLW\
SULFHLVKLJK7DEOH$FFRUGLQJWRWKHVFHQDULR6VKRZQLQ
)LJ  WKH ILUVW IUHTXHQF\ UHVSRQVH VHUYLFH VHOHFWHG LV '))5 WR
GHOLYHUDFRQWLQXRXVG\QDPLFSRZHUXQWLODPZLWKORZHOHFWULFLW\
SULFH DQG WKHQ 6))5ORZ VHUYLFH LV VHOHFWHG XQWLO DP LQ RUGHU WR
GHOLYHUDFRQVWDQW(팀M:SRZHUWRWKHJULGDWORZWULJJHUIUHTXHQF\
RI (팀H] 7KH WKLUG VHUYLFH VHOHFWHG LV ()5 ZLWK D KLJK 62&
EDQGRI±WRFKDUJHWKHEDWWHU\XQWLOSPZLWKORZSULFHDQG
WKHQLWV62&EDQGLVGHFUHDVHGWR±LQRUGHUWRH[SRUWSRZHU
WRWKHJULGVHOOLQJDWDKLJKSULFH
+RZHYHU 6 LV VHOHFWHG DV WKH EHVW VFHQDULR LQ WKH
FRPSDUDWLYH VWXG\ >@ ZLWK N:K\U DUELWUDJH UHYHQXH WKLV
SDSHU DFKLHYHV  KLJKHU N:K\U UHYHQXH ZLWK VFHQDULR 
6 E\ VFKHGXOLQJ GLIIHUHQW W\SHV RI IUHTXHQF\ UHVSRQVH VHUYLFH
WKURXJKRXWWKHGD\
8VLQJIUHTXHQF\UHVSRQVHVHUYLFHSD\PHQWVIRU()5(? (?KU
'))5(? (?KUDQG6))5RIISHDN(? (?KUDQGRQSHDN(? (?KUWKH
GDLO\ IUHTXHQF\ UHVSRQVH VHUYLFH EHQHILWV REWDLQHG IURP HDFK
VFHQDULRLQ7DEOHDUHVKRZQLQ7DEOH
)LJ௒6LPXODWLRQUHVXOWVRI
D7KH%(66IRU'))5VHUYLFHIRUWK1RYILUVW(팀hE3RZHUYVIUHTXHQF\
UHVSRQVH

7DEOH(? 3DUDPHWHUVXVHGLQWKH%(66PRGHO>@
3DUDPHWHU 9DOXH
QRPLQDOIUHTXHQF\ (팀H]
ORZKLJK'% (?(?(팀H]IRU'))5
KLJKORZWULJJHUIUHTXHQF\ (?(?(팀H]IRU6))5
PD[PLQ))5SRZHUOLPLW (?(?0:
EDWWHU\UDWHGSRZHUFDSDFLW\ (팀M:(팀M:K
EDWWHU\LQLWLDO62&62&LQLW 

)LJ௒6LPXODWLRQUHVXOWVRI WKH%(66 IRU6))5ORZVHUYLFH IRUWK1RY
ILUVWࣛK

)LJ௒6LPXODWLRQUHVXOWVRIWKH%(66IRU6))5KLJKVHUYLFHIRUWK1RY
ILUVWࣛK

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7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

௑&RQFOXVLRQ
$G\QDPLFDQGDVWDWLFKLJKDQGORZ))5FRQWURODOJRULWKPEDVHG
RQDPRGHORID(팀M:(팀M:K%(66KDYHEHHQGHYHORSHGWRPHHW
WKH 1*(7 SXEOLVKHG VHUYLFH UHTXLUHPHQWV ,Q DGGLWLRQ D PHWKRG
IRUDUELWUDJHKDVEHHQSUHVHQWHGWKDWXVHVOD\HULQJDQGVFKHGXOLQJ
RI JULG EDODQFLQJ VHUYLFHV ))5 DQG ()5 WKURXJKRXW WKH GD\
6LPXODWLRQUHVXOWVRIWKHFRQWURODOJRULWKPVZHUHFDUULHGRXWXVLQJ
1*(7 IUHTXHQF\ GDWD IRU  1RYHPEHU  ZKLFK LV LQFOXGHV
ERWK RYHU DQG XQGHU IUHTXHQF\ HYHQWV DQG  $SULO  ZKLFK
7DEOH(? )LQGLQJVRIWKHDUELWUDJHDOJRULWKPIRUWK$SULO
7LPHKU 6HOHFWHGVHUYLFH 62&EDQG (QHUJ\RXWSXWN:KGD\ $35N:K\U 6
,PS ([S
DP±DP ()5 ±    
DP±DP 6))5KLJK ±
DP±SP ()5 ±
SP±DP ()5 ±
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